Background We conducted the multicenter, prospective, open-label study in type 2 diabetic (T2DM) patients with renal dysfunction, to clarify the efficacy and the safety in relation to renal function and glycemic control, and the economic effect when other dipeptidyl peptidase-4 (DPP-4) inhibitors were switched to a small dose of sitagliptin depending on their renal function. Methods Vildagliptin, alogliptin, or linagliptin received for more than 2 months were changed to sitagliptin at 25 or 12.5 mg/ day depending on their renal function in 49 T2DMs. Renal function and glycemic control, and the drug cost were assessed during 6 months. Results Estimated glomerular filtration rate was not changed in patients not on hemodialysis (n = 29). The HbA1c levels were not altered in all of the patients including those on hemodialysis (n = 20). The active glucagon-like peptide-1 levels or other renal parameters were not altered significantly. There were no adverse events to be related to the drugs. The daily drug expense was reduced by 88.1 yen per patient. Conclusion Switching to a small dose of sitagliptin according to the renal function in T2DM patients with renal dysfunction demonstrated the same efficacy and safety as those with other full-dose DPP-4 inhibitors, indicating a therapeutic option with a high cost performance.
Introduction
In Japan, an investigation conducted by the Japanese Society for Dialysis Therapy showed that the number of patients on dialysis was 324,986 at the end of 2015, which increased by 4,538 from the previous year [1] . The number indicates that Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10157-017-1521-7) contains supplementary material, which is available to authorized users.
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1 out of approximately 450 people in Japan is on dialysis, the incidence of which is largest in the world [2] . This fact has a critical effect not only on the issues of patients' life prognosis or their quality of life but also on economic issues with regard to medical expenses. The total annual cost of dialysis therapy throughout the country is approximately 1.5 trillion yen, i.e., those patients, 0.2% of population, expense 4% of total medical costs. Among the causative diseases that lead to dialysis initiation, diabetic nephropathy ranks the first at 43.7%; thus, reducing the medical costs in diabetic nephropathy should be a priority [1] .
The route of excretion of DPP-4 inhibitors varies depending on the drug; sitagliptin, alogliptin, anagliptin, omarigliptin, and trelagliptin are mainly excreted as unmetabolized drugs from the kidney into the urine. Vildagliptin and saxagliptin are metabolized mainly in the liver. Linagliptin is excreted through the biliary system, and teneligliptin is metabolized in the liver and excreted from renal systems. Based on these differences, the appropriate doses depending on the renal function vary among drugs. The dosage of sitagliptin can be adjusted based on the degree of renal impairment. However, the efficacy and safety of sitagliptin at a smaller dose are less recognized.
Although there are some reports comparing the hypoglycemic effect of the different classes of DPP-4 inhibitors in patients with type 2 diabetes mellitus (T2DM) [3] [4] [5] [6] , efficacy of different DPP-4 inhibitors on glycemic control was not the same from one report to another. Furthermore, serum levels of active glucagon-like peptide-1 (aGLP-1), or C-peptide, which are the direct or indirect targets of DPP-4 inhibitor, have not been reported. In addition, there are a few reports comparing the efficacy and safety of sitagliptin with other DPP-4 inhibitors [7, 8] and no reports that compare the efficacy and the safety of a smaller dosage of sitagliptin adjusted in accordance with their renal function with those of other DPP-4 inhibitors in patients with renal impairment.
Thus, in this study, we evaluated the effectiveness and safety in relation to renal function and glycemic control of switching from other DPP-4 inhibitors to a smaller dose sitagliptin in patients with impaired renal function. Furthermore, changes in daily drug cost were also examined.
Methods

Study design
An open-label, central registration, prospective, non-randomized and pragmatic intervention study, The renal effect and safety of sitagliptin (REAL) trial, was conducted in seven facilities including Saitama Medical University Hospital and Saitama Medical Center. Patients were enrolled from April 1, 2014, to December 31, 2015, with the follow-up period until June 30, 2016 . This study was conducted in compliance with the protocol, the Helsinki Declaration, and the "ethical guidelines for clinical studies" by the Ministry of Health, Labour, and Welfare. The study was approved by the ethical committee of Saitama Medical University Hospital (on December 10, 2013; result notification number, 13-094-1; UMIN000016072). It was funded by the Waksman Foundation.
Study participants
The study participants were those who met the following inclusion criteria: (1) Japanese T2DM patients; (2) those who had moderate or severe renal impairment [estimated glomerular filtration rate (eGFR) less than 60 mL/ min/1.73 m 2 , including those who had severe renal impairment/end-stage renal disease]; (3) those who had been treated with hypoglycemic drugs, including vildagliptin, alogliptin, and linagliptin, which were approved in a relatively early phase in Japan, for more than 2 months; (4) those who had HbA1c greater than 6.0% but less than 9.0%; and (5) those who provided written consent.
Additionally, those falling under the following conditions were excluded: (1) patients with a history of severe ketosis, diabetic coma, or previous coma in the past 6 months; (2) those with severe infection, in pre-or post-operative state, and with serious trauma; (3) pregnant women, possibly pregnant, and breastfeeding; (4) those who had been prescribed biguanide, glinide, or GLP-1 receptor analog; (5) those with a history of hypersensitivity to any ingredient of the study drug; and (6) those who were considered unsuitable to participate in the study based on medical evidence observed by the attending physician.
Treatments
Hypoglycemic drugs including vildagliptin, alogliptin, or linagliptin had been administered to the T2DM patients with moderate or severe renal impairment for more than 2 months to treat diabetes mellitus. As shown in Fig. 1 , these DPP-4 inhibitors were changed to sitagliptin after obtaining a written consent to participate in the study. . After initiating the study, the above mentioned drug should be continuously administered for a month and must not be changed. If the target of glycemic control in HbA1c of less than 7.0% could not be achieved after the second month, sitagliptin dosage can be increased. If the targeted plasma glucose levels could not be achieved even after the third month, other hypoglycemic drugs (sulfonylurea, alpha-glucosidase inhibitor, thiazolidine, or insulin) can be added. Although administration of treatment drugs for complications was not limited, dose changes or new drug additions were minimized as much as possible. Blood and urine were collected before 3 and 6 months and after the initiation of the study for the laboratory tests including some special biomarkers as well as the usual blood chemistry. Additional blood samples were collected to determine plasma glucose and HbA1c levels to adjust the dosage of sitagliptin 1 month after the initiation of the study. For the determination of plasma aGLP-1 levels, which consist of GLP-1 (7-36) amide and GLP-1 (7-37), blood sample was collected into a tube containing DPP-4 inhibitor followed by a solid phase extraction and the extract was utilized to measure the plasma aGLP-1 level using the ELISA method [9] . To accurately measure the postprandial levels of C-peptide, aGLP-1, or triglyceride (TG), blood samples were ideally collected an hour after meals, but samples collected up to 2 h after meals were still considered acceptable.
Evaluation
The primary endpoints were changes in the markers of renal function (creatinine, cystatin C, eGFR, and eGFRcys) in subjects before the initiation of dialysis.
The secondary end points were changes in the following: body weight, BMI, systolic blood pressure (SBP) and diastolic blood pressure (DBP), HbA1c, postprandial plasma glucose, LDL-cholesterol (C), TG, HDL-C, aGLP-1, and C-peptide. Especially, whether or not glycemic control was affected after switching to a small dose of sitagliptin from other DPP-4 inhibitors before the study was evaluated in all patients and separately in two groups of patients, i.e., not on dialysis and on dialysis. In addition, urinary albumin-to-creatinine ratio (UACR), and the markers of cardiac and renal function were determined. Biomarkers determined were serum levels of atrial natriuretic hormone (ANP), NT-probrain natriuretic hormone (BNP), pentraxin 3 (PTX-3), highsensitive C-reactive protein (hs-CRP) and urinary levels of liver-type fatty acid binding protein (L-FABP), collagen type IV, 8-isoprostane, and β2-microglobulin. Additionally, the drug prices before and after switching the drugs were also compared based on the 2016 price list. The prescription cost of sitagliptin 12.5 mg was calculated based on the half price of sitagliptin 25 mg tablet. When measuring HbA1c was difficult in dialysis patients, the value of glycated albumin was divided by 3.57, which was based on data of Japanese hemodialysis patients with T2DM, described by Inaba et al. [10] .
Statistical analysis
We analyzed all the data from the whole participants and further analyses were done separately in two groups, i.e., patients not on hemodialysis and on hemodialysis. The subject population for analysis was all the data according to intention to treat (ITT). The values of the continuous variables are shown as the mean ± SD or median (1st quantile, 3rd quantile), while categorical variables are shown as the number or percent. The changes from the baseline were analyzed using a one-way analysis of variance (ANOVA) for parametric continuous variables with equal variance and then by Bonferroni's multiple comparisons as a post hoc test. Non-parametric continuous variables without equal variance were analyzed using the Friedman test. Missing values were imputed using the last observation carried forward method. The statistical analyses were performed using the R version 3.4.0 (R Foundation for statistical Computing, Vienna, Austria). P values of < 0.05 were considered to indicate statistical significance. 
Results
All cases were analyzed for efficacy and safety based on the ITT, with the patients' backgrounds shown in Table 1 . A total of 49 patients were enrolled in this study. The mean age was 69.9 ± 9.4 years, and the proportion of male was 65.3%. Patients were classified into two groups: 29 patients not on hemodialysis (with an average dose of sitagliptin 23.7 ± 5.6 mg) and 20 patients on hemodialysis (with an average dose of sitagliptin 12.8 ± 2.0 mg). Biguanide was used in 5 patients with moderate renal dysfunction, but they did not have any adverse events such as lactic acidosis.
In all of the patients, the levels of HbA1c and postprandial plasma glucose were not significantly changed after switching the DPP-4 inhibitors before the study as shown in Table 2 . Serum levels of C-peptide and aGLP-1 were also the same before and after switching the drug. SBP, DBP and serum lipid levels were not significantly changed. Table 2 also shows the data separately in patients not on hemodialysis and on hemodialysis. Serum levels of creatinine and cystatin C were not altered during 6-month study period both in those not on hemodialysis and on hemodialysis.
Other parameters were almost the same before and after the study in both groups except a significant decrease in SBP at 6 months in patients not on hemodialysis.
Other changes in various parameters determined during the study are also indicated in Table 2 . Although serum levels of NT-proBNP, ANP, PTX3, and hs-CRP tended to be higher in patients on hemodialysis compared to those in patients not on hemodialysis, they did not show any significant change between the baseline and the end of the study in each group except a slight, but significant, increase in ANP levels after 6 months in all patients or in patients on hemodialysis. Table 3 shows eGFR and eGFRcys, and urinary parameters determined in those not on hemodialysis. eGFR as well as eGFRcys did not differ between the baseline and the end of the study. Please note that the eGFR in non-dialysis patients was 43.5 ± 14.9 mL/min/1.73 m 2 at baseline and 42.6 ± 14.4 mL/min/1.73 m 2 after 6 months. Among the parameters related to renal function, no significant changes were noted in UACR and urinary excretion of β2-microglobulin, collagen IV, L-FABP and 8-isoprostane.
The patients were classified based on DPP-4 inhibitors utilized before the study (Table S1 ). As shown in Table S2 , there were no significant differences in HbA1c, and eGFR and eGFRcys in each group according to the drug before the study. Please note that vildagliptin administered before the study was 100 mg/day in 14 patients, the dosage of which might not be recommended for patients with moderate to severe renal impairment including patients on hemodialysis because of the increase in serum concentrations of vildagliptin.
As illustrated in Fig. 2 , after changing the drugs, the daily drug cost per patient was significantly reduced by 88.1 yen from 143.9 ± 40.5 to 55.8 ± 18.7 yen, which might be estimated to be a cost reduction of 32,157 yen per year.
The adverse events reported were death, dizziness, bradycardia-tachycardia syndrome, and paroxysmal atrial fibrillation. Each of them occurred only once and was not suspected to be related to the study drugs. The death occurred 1 month after the study, and this patient had a history of myocardial infarction.
Discussion
In the present study, we included T2DM cases with moderate or severe renal impairment and, according to the degree of the renal dysfunction, changed their therapeutic drug to a small dose of sitagliptin from other DPP-4 inhibitors to determine its efficacy and safety in relation to renal function and glycemic control. No significant changes were observed in the parameters related to renal function as well With regard to glycemic control, HbA1c levels were not significantly altered after switching to a small dose of sitagliptin from other DPP-4 inhibitors at the full-dose before the study not only in the overall analysis but also in the separate analysis of the patients not on hemodialysis and patients on hemodialysis. The results were almost the same when separated by DPP-4 inhibitors used before the study although the number of patients on alogliptin was not enough for a definite conclusion. When comparing the glycemic control in patients with severe renal impairment taking sitagliptin and other DPP-4 inhibitors, Kothny et al. [8] reported that sitagliptin and vildagliptin have a similar efficacy. However, Park et al. [9] reported that sitagliptin showed a much higher efficacy compared to that of vildagliptin and linagliptin. In Table 2 Vital and serum parameters determined before and during the study treating T2DM patients with stages 3 to 5 chronic kidney disease (CKD) including those with end-stage renal disease, sitagliptin has been reported to be effective in controlling plasma glucose levels and maintaining the safety [11] [12] [13] . However, these reports only discussed the plasma glucose control mainly by measuring HbA1c, and the targets of DPP-4 inhibitors to achieve good glycemic control, such as aGLP-1, have not been discussed. In the present study, even after changing to a small dosage of sitagliptin based on their renal function, serum levels of aGLP-1 and C-peptide were not altered when compared to those on other DPP-4 inhibitors almost at the full-dose before the study. In relation to renal function, the effect of sitagliptin has been discussed in several reports. In a Japanese report on patients with normal renal function, the serum creatinine concentration slightly, but significantly, increased 1 month after administering sitagliptin, showing no significant difference after 24 months compared to 6 months [14] . The sub-analysis of the Trial Evaluating Cardiovascular Outcomes with Sitagliptin study (TECOS) to evaluate cardiovascular outcome in mainly normoalbuminuric T2DM patients receiving sitagliptin showed that mean change of eGFR during 48 months from the baseline was significantly lower in the sitagliptin group than in the placebo group, but the cumulative incidence of microalbuminuria and renal failure was equivalent in two groups [15] . The efficacy and safety of sitagliptin had also been reported in patients with renal failure [11] [12] [13] . Taking these reports together into consideration, subtle changes in renal function caused by sitagliptin might be generally safe. However, no detailed studies exist that directly compared the indexes relating to renal function between sitagliptin and other DPP-4 inhibitors, therefore, we have set the influence on renal function in parallel with the effect on glycemic control as the endpoint for patients with renal dysfunction, including dialysis patients. In the present study, no significant changes in eGFR were found after switching to sitagliptin from other DPP-4 inhibitors administered before the study. Albuminuria in Japanese T2DM patients has been regarded to be the risk of cardiovascular events, as well as the risk of renal events such as overt nephropathy, eGFR decrease of more than 50%, dialysis and renal transplantation [16, 17] . In the present study, UACR was not altered after switching DPP-4 inhibitors before the study to a small dose of sitagliptin according to their renal dysfunction. In addition, we determined various serum and urinary biomarkers reflecting deterioration of renal function and occurrence of cardiovascular disease such as collagen type IV, L-FABP, and PTX-3. Urinary excretion of collagen type IV, a component of the renal glomerular basement membrane, is increased along with progression of diabetic nephropathy [18] . Increased L-FABP levels have been reported to be the risk not only of decreased eGFR by more than 50% or progression to stage 4 CKD, but also cardiovascular disease [17] . PTX-3 is an excellent inflammation marker of human diabetic nephropathy originating from the blood vessels, which correlates with proteinuria Table 3 Renal parameters in patients not on hemodialysis (n = 29)
Data are means ± SD or median (1st quantile, 3rd quantile)
Changes in eGFR and eGFRcys were not statistically significant during the study by repeated ANOVA Changes in UACR, Urinary β2-microglobulin, Urinary collagen IV, L-FABP, and U-8 isoprotane were not statistically significant during the study by Friedman test and is independent of eGFR [19] . In the present study, no significant changes have been noted in the various biomarkers as mentioned above after changing the drugs. There were no adverse events that were related to the study drug. These results demonstrated, for the first time, that switching to a small dose of sitagliptin based on the renal function has been demonstrated to be effective and safe when administered to the T2DM patients with moderate to severe renal dysfunction. The renal excretion rates as unchanged sitagliptin, alogliptin, vildagliptin, and linagliptin were reported to be 80, 60-71, 21, and < 6%, respectively, showing a higher excretion rate of sitagliptin in the urine compared to any other DPP-4 inhibitors [20] . The concentration of sitagliptin at a decreased dose depending on the degree of renal dysfunction in the tubular lumen was unknown. However, since no changes in the degree of the glycemic control, renal function, or other renal markers were noted, the same degree of efficacy and safety was observed at a small dose of sitagliptin depending on the degree of renal dysfunction, suggesting that, facing to an impaired renal function, a small dose of sitagliptin actually works to the same degree as a full-dose sitagliptin or other DPP-4 inhibitors under a normal renal function.
In recent years, many studies have been reported that DPP-4 inhibitors have renoprotective action. GLP-1 has been reported to have various renoprotective effects [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , but renal expression of GLP-1 is suppressed in T2DM [32] . Sitagliptin elevates downregulated intrarenal GLP-1 expression in the T2DM rat model [32] . In addition, DPP-4 has been elucidated to degrade many peptides such as glucagon-like peptide-2 (GLP-2), BNP, ANP, stromal cell-derived factor (SDF)-1α, substance P, neuropeptide Y, peptide YY, and so on. Activation and prolongation of their physiological activities by DPP-4 inhibition can lead to actions such as natriuresis, improvement of inflammation, suppression of the sympathetic nervous activity, suppression of the renin-angiotensin system, vasodilatation, and cytoprotection [33, 34] . Natriuresis has been reported to occur by DPP-4 inhibitor independent of GLP-1 receptor [24] because DPP-4 inhibitors have directly reduced the expression of sodium-proton exchanger 3 (NHE3) protein [35] , and promoted a distal tubular natriuresis through SDF-1α [36] . Furthermore, DPP-4 inhibitors may enhance the secretion of BNP or ANP from the atrium, resulting in natriuresis [37] . In T2DM animal models such as Zucker diabetic fatty rats [32] , sitagliptin has been reported to suppress the inflammatory cytokines and apoptosis, resulting in an improvement of glomerular and tubular atrophies. Furthermore, in streptozotocin-induced diabetic rats, linagliptin suppressed enhanced DPP-4 activity and ameliorated kidney fibrosis [38] . Taking these results together into consideration, sitagliptin may have an anti-inflammatory, anti-fibrotic, and anti-oxidative action, in addition to natriuretic action, resulting in renoprotection.
In fact, human clinical studies reported that sitagliptin had reduced albuminuria in many T2DM patients with nephropathy [39] [40] [41] [42] . When sitagliptin was administered, the bigger reduction of urinary albumin was observed in the cases who had the greater albuminuria at the baseline [40] . Based on other reports, administration of sitagliptin in human T2DM patients with nephropathy was followed by the initial drop of eGFR levels, and subsequently, the renal function was stabilized [43, 44] . Therefore, sitagliptin might have a renal protective effect through ameliorating glomerular hyperfiltration in addition to many renoprotective actions described above.
Finally, the present study demonstrated that changing to a small dose of sitagliptin from other almost full-dose DPP-4 inhibitors before the study reduced the daily drug cost per patient by 88.1 yen. In Japan, the total annual medical cost is estimated to be 40.81 trillion yen in 2014, out of which 1.22 trillion yen are attributed to patients with diabetes mellitus [45] . Since Japanese Society for Dialysis Therapy evaluated the number of patients requiring dialysis amounting to 324,986 in 2015, 38.4% of which (about 125,000) were due to diabetic nephropathy [1] , the cost for dialysis is about 5 million yen or more annually, resulting in a total cost of about 1.50 trillion yen or more of total dialysis treatment, and therefore 0.58 trillion yen or more for diabetic patients. Therefore, restraining medical expenses is an important issue. We tried to estimate the medical cost reduction when we changed DPP-4 inhibitors to a small dose of sitagliptin depending on the renal function. It is estimated that 9.5 million individuals in Japan are diabetics, and 2.36 million (24.8%) of them have decreased renal function with eGFR of less than 60 mL/min/1.73 m 2 , requiring a dose adjustment of sitagliptin (excluding patients on dialysis) [46] . By adding 125,000 patients receiving dialysis attributed to diabetic nephropathy, the number of Japanese diabetic patients with decreased renal function has been estimated to be 2.485 million. DPP-4 inhibitors are prescribed to approximately 50% of T2DM patients, based on the 2013 data in Japan [47] . Thus, 50% of the 2.485 million Japanese patients with diabetic nephropathy, corresponding to 1.2425 million, are prescribed with DPP-4 inhibitors. Approximately 80% of patients are prescribed with DPP-4 inhibitors other than sitagliptin. When other DPP-4 inhibitors are changed to sitagliptin, the drug costs per patient, based on the present study, can be reduced by 88.1 ± 42.4 yen daily and 32,157 yen yearly. Therefore, in treating Japanese patients with diabetic nephropathy, switching from other DPP-4 inhibitors to sitagliptin with doses depending on renal function is estimated to reduce the national medical costs by approximately 32 billion yen yearly (the minimum lower 1 3 limit SD is 16.6 billion yen and the maximum upper limit SD is 47.3 billion yen) as calculated below:
(2 485 000 × 0.5 × 0.8 × 88.1 × 365 = 31 963 561 000).
(The lower limit SD: 2 485 000 × 0.5 × 0.8 × 45.7 × 365 = 16 580 417 000).
(The upper limit SD: 2 485 000 × 0.5 × 0.8 × 130.5 × 365 = 47 346 705 000).
In T2DM patients with renal dysfunction, sitagliptin, even at a small dose, can be expected to maintain the efficacy and safety and reduce the costs, and thus, it can also be a valid option in reducing the national medical costs in Japan.
Limitations
Since this study targeted the cases with moderately or severely impaired renal function, cases with normal renal function are not included. The study period was only 6 months, and thus comparative results of the efficacy and safety for a longer period cannot be guaranteed. As the cases in this study were not strictly allocated, the number of patients was not the same between vildagliptin, alogliptin, and linagliptin utilized before the study. Since the study included only six cases that received alogliptin before the study, the results of this subgroup cannot be generalized. Although the index of glycemic control was based on the value of HbA1c at the entry of this study, but HbA1c is not often the adequate marker for the patients with renal dysfunction. Glycated albumin was determined in dialysis subjects, but was not measured in non-dialysis subjects. We collected blood samples at 1-2 h after meals, since the unified meal or the test meal was impossible in real-world clinical trials. However, we asked patients to have the same breakfast as much as possible. The reduction in the medical costs was a rough estimation, and drug cost also varies depending on the countries and/or their insurance system, and therefore, it cannot be referred to countries other than Japan.
Conclusion
In T2DM patients with moderate to severe renal impairment, switching to a small dose of sitagliptin from other DPP-4 inhibitors resulted in no significant changes in glycemic control and renal function without the adverse events during the 6-month study period. Furthermore, the cost for medicine was substantially reduced. Dose-adjusted sitagliptin depending on renal function offers a cost benefit without reducing the efficacy and safety and would be a useful option to treat diabetic patients with renal dysfunction.
